Effect of temperature on the mechanical properties of 3D-printed PLA tensile specimens.
Introduction 7 8
Additive manufacturing (AM), also known as "tool-less" manufacturing, can be quickly executed 9 10 and has progressed substantially in recent years. This technology significantly reduces material 11 12 waste by eliminating unnecessary processes and assembly steps (Li, Wu et al. 2016 ). Currently is one of the most used 3D printing techniques of thermoplastic polymers. This process is based on 19 20 the deposition of semi-molten filaments to create an object as a composition of several overlapping are separated by 90∘ (Thomas and Renaud 2003) . In both of these cases, the effect of the infill 36 37 orientation on the stiffness and strength of the component have been found similar to that of 38 39 composite materials (Rodríguez, Thomas et al. 2001 ). Nevertheless, the main difference between 40
41
3D printed parts and composite materials is the shear stress transfer mechanism among adjacent 43 44 layers. In the case of 3D printed components, adjacent beads, from a layer-upon-layer configuration 45 46 viewpoint, are blended rather than attached via a substrate material as typically encountered in 47 48 fibre-reinforced polymers. Therefore, the overlapping surface in 3D printed components could be 49 50 varied by modifying the parameters related to the deposition phase such as temperature, deposition parts, by withstanding the tangential load acting on the element while in long fibre-reinforced 5 polymer composite, the shear performance is related to the strength of the matrix mainly. 7 8
Attempts to adopt the interlaminar shear strength as a failure criterion for 3D printed parts have 9 10 been made by considering empirical coefficients to account for the effect of the overlapping 11 12 surfaces (Thomas and Renaud 2003 elastic proportion of stress-strain curve followed by a sudden drop in stress with no further 51 52
extension is said to be a brittle fracture failure. However, in ductile dominant failure, the elastic and 53 54
plastic proportion are merged with a decreased value of maximum stress and a prolonged extension the impact of temperature on the strength and stiffness of the 3D printed materials; ultimately 9 10 benefiting the selection of 3D printing processing parameters or conditions, rather than just being a 11 12 geometric specification, according to the required applications.
14
In this work, the thermal, mechanical properties of 3D printed PLA specimens has been investigated 15 16 by considering different raster angles and environmental temperatures 20°C-60°C. The heat- PLA filaments, both plain and extruded, were tested by using a Dynamic Mechanical Analyser, 16 17 model Q800 DMA (TA Instruments Italy), equipped with a fibre tension clamp. The tension tests 18 19 were force controlled up to the maximum 18 N by using a force ramp of 1 N/min. Nominal in diameter for plain and extruded filaments respectively.
25

PLA Standard Specimen Preparation and Testing
27
Tensile mechanical tests were carried out on standard PLA 3D-printed samples (see Figure 1) at the termination FDM roads, the geometry proposed in (Lanzotti, Grasso et al. 2015) was adopted.
40
In particular, this geometry has a fillet with a parabolic curve drawn as an arc (with a radius of 41 42
1,000 mm) tangent to the start of the linear segment at the reduced section of the specimen.
44
Specimen dimensions are specified in Figure 1 . As reported by (Ahn, Montero et al. 2002) this geometry reduces premature shear failure at the 19 20 stress concentrations caused by the discretization of large radii along the length of the specimen;
22
this is particularly evidenced at the termination of FDM roads or insets to approximate large radii.
24
The geometry of the 3D samples and the stereolithographic (STL) files were generated with the A total of 75 standard tensile specimens were produced and tested, within which, each of the three tests were repeated five times to ensure statistical significance. T3O1   T4O1   T5O1   T1O2   T2O2   T3O2   T4O2   T5O2   T1O3   T2O3   T3O3   T4O3 The MakerBot Replicator Desktop 3D printer (MakerBot Industries, Brooklyn, USA) with a 0.4-mm 26 27
diameter nozzle was used to produce the tensile test specimens. The values of the primary geometry shown in Table 3 . The aforementioned parameters, together with the printing process parameters such 32 33
as feed rate, travel speed and print temperature, were tuned. This tuning was based on the The tensile tests were performed using an Instron electromechanical testing machine D3367 Dual
15
Column System (Instron, United Kingdom) equipped with Bluehill software (Instron, United temperature profile throughout the thickness of the samples. A preconditioning procedure to record the time needed to reach a specified temperature was carried 22 out. Samples were heated from room temperature to the desired temperature value and the time for 24 25 each temperature increment was recorded. These times were found to be 3, 7, 10 and 15 minutes at 26 27 28 29
A Load-displacement curve was acquired during each test which was analysed and later converted 30 31 into the stress-strain curve. The applied stress was computed as the ratio between the applied load 32 33 and the initial minimum cross-section area, while the strain was derived by dividing the cross-head 34 35 displacement over the initial gripping length of the specimen (150 mm). It is worth mentioning that 36 37 the calculated minimum cross-section area was based on the externally measured dimensions.
39
However, the potential voids within the built structure are not accounted for in this calculation. The ultimate tensile strength (UTS), Young's modulus (E), the stress at failure and the strain at failure 47 48 have been derived in accordance with ASTM: D638 Standard.
50
Due to the lack in the current literature regarding the effects of the temperature on PLA 3D 
2.3
Fractography Analysis of 3D printed specimen 11 12 Fracture surfaces of the tensile test specimens were examined using a LEICA DFC295 digital complete separation and were therefore not analysed.
29
Results and discussion
31
Filaments
33
Tensile tests were carried out on the PLA filament before and after printing. The average curves the remaining specimens failed after their nominal extension had been recorded. Results reported in Table 3 reveal that the thermal history undergone by the polymer during the 5 deposition phase will affect inherently the mechanical property of the final fused (printed) polymer.
8
For this reason, a modelling approach should take into account the variations on the mechanical 9 10 properties, from the original feeding material, induced by the printing operations.
12
According to the tensile stiffness recorded for both plain and 3D printed PLA, it can be observed 13 14 that there is an inverse relationship between temperature increase and modulus reduction. However, 15 16 it is worthwhile to mention the comparable reduction in stiffness from 30% in plain PLA to 16% is not accomplished.
10
The results presented in Figure 6 indicates the strong influence of temperature increase on both to drop at 60 o C.
24
The results acquired at room temperature through tensile tests have confirmed the well-known 
29
According to the current literature, the maximum value of Young's modulus (E) at room orientation was consistently higher than other orientations used in the study for both positive and direction and partially by the rest of the layers oriented along the orthogonal direction. The 9 10 contribution of the latter in sustaining the load is limited to the bonding surfaces that are weaker 11 12 than the beads. However, the deformability of the cross section is limited hence the brittle failure is 13 14 dominant as shown in Figure 7a . The irregular shape of the beads, as well as the bonding region 15 16 between beads, as well as the bonding region between beads locally increases the stress promoting 17 18 failure. As already described by (Durgun and Ertan 2014), the failure mode is a result of the 26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52 a major role in the failure mechanism resulting in an immediate failure after the UTS is reached.
33
The tests carried out at 40 o C have shown a failure mode mainly ductile with necking in the beads 35 and visible necking in the cross-section of the specimens. 41   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34 The combination of infill orientation and temperature results in the failure of the beads. The 35 36 combination of infill orientation and temperature trigger the shear failure of the samples. Shear is 37 38 induced by the force acting in parallel planes, consequently sliding movement of beads layers along 39 40 the build direction as depicted in Figure 9 . Bonding surfaces are the contact regions created among 42 43 adjacent beads. In fact, when all beads are broken, the load is carried mainly by the bonding 44 45 surfaces which will tend to creep along their directional planes due to shear forces. Moreover, the 46 47 inspection of the fracture surfaces (Figures 8 a,b and c) of the specimens together with the analysis 48 49 of the stress-strain curves reveal that the response is characterized by evident softening due to the by the temporary distortions of the primary valence bonds. As polymers are either semi-crystalline 37 38
or amorphous, the resulted structure after extrusion is considered to be in the semicrystalline phase,
40
with repeating crystals, which is responsible for the higher tensile strength and stiffness. These value is reached at 0°/90° whilest the minimum at -30 • /60 • .
49
Regarding stress at failure, the maximum value at room temperature was recorded at 0°/90° while the 50 51 minimum occurred at ± 45°. A general trend is observed in Figure 10 , increasing the temperature value axial elongation of the beads can also explain the different behaviour at that temperature value.
5
The increase in temperature is causing a drop in the shear strength of the bonding surface among 7 8 beads. As a result, the load is mainly carried by the beads since the resistance opposed by the 9 10 bonding surfaces is minimal. The more load carried by the beads results in more elongation and a 11 12 dominant necking all over the cross-section. 
Conclusion
32
In this paper, the effects of the temperature on the mechanical response of PLA 3D printed plain PLA filaments to 16% in 3D printed filament as temperature increases from 40 o C to 50 o C.
51
This was explained by the cold crystallisation effects of such polymers and molecular chain re- Young's modulus (E) values, it is possible to observe a common trend for 0°/90° and ± 45° as the Advanced Drug Delivery Reviews 107: 367-392. 
